The equation-of-state (EoS) of neutron star matter, constrained by the existence of two-solarmass stars and gravitational wave signals from neutron star mergers, is analysed using the Landau theory of relativistic Fermi liquids. While the phase diagram of dense and cold QCD matter is still open for scenarios ranging from hadronic to quark matter in the center of neutron stars, a Fermiliquid treatment is motivated by a microscopic approach starting from a chiral nucleon-meson field theory combined with non-perturbative functional renormalisation group methods. In this scheme effects of multi-pionic fluctuations and repulsive nuclear many-body correlations suggest that the transition to chiral symmetry restoration is shifted to densities above those typically encountered in the neutron star core. Under such conditions a Fermi-liquid description in terms of nucleon quasiparticles appears to be justified. The leading Landau parameters are derived and discussed.
I. INTRODUCTION
The physics of neutron stars entered a new era [1, 2] with the observation of massive (twosolar-mass) pulsars [3] [4] [5] , which set stringent constraints on the stiffness of the equation-ofstate (EoS) of cold and dense baryonic matter, further stressed by the recent Shapiro delay measurement [6] of a neutron star with mass M 2.17M . The detection of gravitational wave signals from two merging neutron stars [7] has furnished additional important information on the EoS, by providing limits for the tidal deformability and neutron star radii [8, 9] .
The composition and properties of strongly interacting matter at high densities and temperatures is a topic of continuing interest. Lattice QCD provides information on the properties of QCD matter at high temperatures and vanishing or small baryon chemical potential. However, owing to the sign problem, LQCD cannot at present reliably address the physics of highly compressed cold matter as it is realised in the central region of neutron stars. In this context, a broad variety of options are under discussion. A viable hypothesis invokes the description of matter in the core of neutron stars in terms of hadronic degrees of freedom (baryons and mesons) with strong many-body correlations [10] . Alternative descriptions involve a (possibly smooth) transition from hadronic matter to some form of quark matter [11, 12] . The former option suggests that neutron star matter can be viewed as a relativistic Fermi liquid [13] [14] [15] , composed of neutron quasiparticles plus a small fraction of protons. This is the basic theme of the present study, in which we explore how neutron star matter behaves as a strongly coupled fermionic many-body system and how it compares with textbook Fermi systems [16, 17] , such as liquid 3 He. Relativistic Landau Fermi-liquid theory [18] is an appropriate framework to address such questions.
In the present study we are guided by a microscopic equation-of-state of neutron star matter derived from a chiral nucleon-meson (ChNM) field theory within the non-perturbative functional renormalization group (FRG) framework [19, 20] . The low-density neutron star crust region is parametrized by the Skyrme-Lyon (SLy) EoS [21] . The ChNM-FRG equationof-state takes over at baryon densities ρ > 0.3 ρ 0 (with ρ 0 = 0.16 fm −3 , the equlibrium density of normal nuclear matter) and extends into the inner core region of the neutron star.
Beta equilibrium conditions with both electrons and muons are routinely incorporated and imply a proton fraction of about 5% in the core. The resulting EoS satisfies all empirical constraints.
Given its non-perturbative nature, the ChNM-FRG equation-of-state is in principle not limited to low densities, in contrast to the EoS derived from (perturbative) chiral effective field theory (ChEFT). The two schemes are mutually consistent in the low-density range, ρ 2 ρ 0 . The window of applicability for the ChNM-FRG model potentially extends considerably beyond these densities. Its limitation is ultimately determined by the transition from the (spontaneously broken) Nambu-Goldstone phase to the (restored) Wigner-Weyl realization of chiral symmetry. In the presence of multi-pion fluctuations and nuclear manybody correlations, all treated non-perturbatively by solving the FRG equations, it turns out that this transition from spontaneously broken to restored chiral symmetry is, in this model, shifted to baryon densities well above five times ρ 0 . For comparison, the central density of a 2 M neutron star, computed with such a model, does not exceed about 5 ρ 0 . In such an approach the neutron star core is thus composed entirely of "non-exotic" (nucleonic and pionic) degrees of freedom in the presence of strongly repulsive correlations.
The input for the effective action of the ChNM-FRG model [19, 20] is prepared such that it is consistent with well-known ground state properties of nuclear matter, nuclear thermodynamics including the critical point of the liquid-gas phase transition [22] , and ab-initio neutron matter computations using realistic nucleon-nucleon interactions [23] [24] [25] [26] [27] .
With isospin-dependent interactions that reproduce the empirical asymmetry energy of (32±
2) MeV at nuclear saturation density [28] , the resulting EoS does indeed yield stable neutron stars that satisfy the 2 M constraint. Moreover, it is located well within the band of equations-of-state, pressure P (E) as function of energy density, that have been extracted in refs. [29, 30] . It is also consistent with the EoS band deduced by the LIGO & Virgo collaborations from the gravitational wave signals generated by the neutron star merger event GW170817 [31] , as well as with the EoS recently deduced from neutron star data using neural network techniques [32] .
The emerging picture of a neutron star with such a generic chiral EoS is that of a relativistic liquid of nucleons (primarily neutrons) correlated by strong multi-pion fields and short-distance repulsive forces. A description in terms of fermionic quasiparticles thus suggests a treatment using Landau Fermi liquid theory. The (small) proton fraction in neutron star matter plays a non-negligible role in quantitative astrophysical considerations. It is of minor importance, however, for our purpose of studying Fermi-liquid properties which can therefore be focused primarily on pure neutron matter.
In the following sections we prepare the framework for such a Fermi-liquid description. We then proceed to deduce and interpret the lowest Landau parameters of the spin-independent quasiparticle interaction. These quantify the strength of the correlations and characterize the bulk properties of matter in the deep interior of neutron stars.
II. LANDAU THEORY OF RELATIVISTIC FERMI LIQUIDS A. Reminder of Landau Fermi-liquid theory
It is useful to start by first recalling the non-relativistic theory. For nuclear many-body systems, this limit is realized at low baryon densities ρ where the Fermi momentum, p F = (6π 2 ρ/ν) 1/3 (with spin-isospin degeneracy ν = 2 for neutron matter and ν = 4 for symmetric nuclear matter), is small compared to the quasiparticle effective mass.
Most of our discussion will be restricted to vanishing temperatures, i.e., T = 0. Superfluidity is ignored since the EoS in the density range of interest is practically unaffected by pairing. In Landau's theory of normal Fermi liquids [13] [14] [15] [16] [17] , the variation of the energy of the system with changes of the quasiparticle occupation numbers is given by
Here V is the volume, ε p is the quasiparticle energy, F pp is the quasiparticle interaction and
p is the deviation of the quasiparticle distribution function from the ground state distribution
where µ is the chemical potential, or equivalently the energy of a quasiparticle on the Fermi surface. Consequently, in the ground state of a uniform system, the distribution function equals unity for quasiparticle momenta below the Fermi momentum p F and vanishes for momenta above p F . The energy of a quasiparticle with momentum p is given by the first variation of the energy with respect to the occupation number n p
while the quasiparticle interaction is determined by the second variation
For the low-lying excitations of interest in Fermi-liquid theory, the relevant quasiparticle states are near the Fermi surface. Hence, in the quasiparticle interaction one in general can set |p| = |p | = p F . The velocity of a quasiparticle on the Fermi surface is given by
and defines the quasiparticle effective mass m * through
Thus, near the Fermi surface, the quasiparticle energy takes the form
The density of quasiparticle states at the Fermi surface is given by
Replacing the sum over p by an integral (including the sums over spin and isospin degrees of freedom) one finds:
In particular, for neutron matter, N (0) = m * p F /π 2 .
We now focus on pure neutron matter. For simplicity we ignore non-central forces (e.g.
spin-orbit interactions). These are non-leading effects in neutron matter which contribute only in p-and higher partial waves. With these restrictions the spin-dependent quasiparticle interaction is of the form
The momentum dependence of the functions f pp and g pp is expanded in Legendre polynomials according to
where θ is the angle between the two momenta p and p . The coefficients in this expansion are the Landau Fermi-liquid parameters. It is useful to define dimensionless Landau parameters:
In the present context, as we focus on the ground state of spin-saturated neutron matter, only the spin-independent parameters F are of prime interest.
Basic properties of the Fermi liquid can be expressed in terms of the first few Landau parameters. For example, the quasiparticle effective mass, m * , is given by the spin-independent
Landau parameter F 1 which is a measure of the velocity dependence of the quasiparticle interaction:
with the free (vacuum) particle mass M 0 . The specific heat of a Fermi liquid at low temperatures is determined by the quasiparticle effective mass as follows:
Finally, the incompressibility of the Fermi liquid is given by
where E = E/V is the energy density, and the speed of (first) sound in the system is given
This is the non-relativistic sound speed with c 1 1.
B. Relativistic Fermi liquids
Baryonic matter at the high densities encountered in the core of neutron stars makes a relativistic treatment mandatory. For example, the Fermi momentum in neutron matter at ρ = 5 ρ 0 is p F 0.57 GeV, i.e., of a magnitude comparable to the effective mass. In a relativistic Fermi liquid [18] , the speed of sound is given by
where P is the pressure, E the energy density, µ the baryon chemical potential, and we have used dP = ρ dµ and dE = µ dρ. With
one finds that ∂ρ ∂µ
Now, at zero temperature we have
In order to compute ∂ε p /∂ρ, we introduce a variation of the quasiparticle occupation number, which is spin independent and spherically symmetric, i.e., δn p = η δ(p − p F ) and satisfies
From (4) and (11) it follows that
and consequently that ∂ε p ∂ρ = f 0 .
Inserting (23) and (20) in (19) and solving for ∂ρ/∂µ one finds
We note that the definiton of the Landau effective mass, m * = p F ∂εp ∂p
p=p f remains unchanged in the relativistic formulation, while the corresponding effective mass relation is given by [18] 
Finally the squared speed of sound becomes 
and the incompressibility is
One notes that in these expressions, the relativistic treatment simply replaces the Fermion mass M in the non-relativistic forms by the baryon chemical potential
C. Relativistic quasiparticles
Central to Landau Fermi-liquid theory is the notion of quasiparticles dressed by their interactions with the surrounding many-body system. Consider first a simplified example with fermions moving in a scalar field. This scalar field modifies the fermion mass at non-zero densities. The quasiparticle energy is given by
where M (ρ) is a function of the scalar field and thus of the density, with M (ρ = 0) ≡ M 0 , the vacuum mass. The variation of the energy of the system is again given by (1) . Using (29) and (4) 
Thus, in this model the quasiparticle interaction is
Using δM δn p = ∂M ∂ρ δρ δn p .
together with the first equality in (21) ,
one finds:
where we have put the quasiparticles on the Fermi surface. Since the quasiparticle interaction is independent of the angle between p and p and independent of spin, the only nonzero Fermi-liquid parameter is f 0 . This means that, in particular, F 1 = 0 and that the effective mass at the Fermi surface is equal to the chemical potential:
Hence, the dimensionless Fermi-liquid parameter is given by
and the squared speed of sound is
The in-medium nucleon mass M (ρ) is usually a decreasing function of density. With ∂M/∂ρ < 0, the Landau parameter F 0 stays negative. The squared speed of sound will always be c 2 1 < 1/3 and approach the limit of a free ultra-relativistic gas from below. As we shall see, the equation of state of neutron star matter implies instead c In a relativistic theory, a repulsive short-distance interaction is most naturally viewed as being mediated by a vector field. Consider therefore quasiparticles interacting with a vector field V µ in addition to the scalar field. The vector field is in turn assumed to be generated by the baryon four-current j µ = (ρ, j):
In the mean-field approximation the vector field is a linear function of the current, i.e., h is a constant. Effects beyond the mean-field limit imply a non-linear behaviour that can be incorporated by a generalized ansatz:
with h now assumed to be a function of the Lorentz invariant j 2 = j µ j µ . In the rest frame of a system in its ground state, only the zeroth component of the baryon current, j 0 = ρ, is nonzero. The current in the frame of an observer moving relative to the system is obtained by a Lorentz transformation.
In a general frame, the quasiparticle energy in this model can be written:
where p − V is the kinetic momentum. Thus, the velocity of a quasiparticle is given by
In the rest frame of the system, (40) reduces to
In general, a variation of the occupation number leads to nonzero spatial components of the baryon current,
The quasiparticle interaction is again obtained by varying the quasiparticle energy with respect to the occupation number:
The following discussion is similar to that of Ref. [34] , although our assumptions are more general. Given the quasiparticle energy (40) , one thus finds:
At this level there are only spin-independent contributions to the quasiparticle interaction.
In the rest frame of the fluid, the first term in (45) reduces to the result already found in Eq. (34) ,
The variation of the zeroth component of the vector field yields
The second term in (47) vanishes in the rest frame of the system, since
and j = 0 in that frame. Hence, using (33), we find
and for the contribution of the second term to the quasiparticle interaction (45) :
The detailed derivation of the last term on the r.h.s. of Eq. (45) is relegated to Appendix A. Its contribution to the quasiparticle interaction is:
Now, collecting all pieces, the resulting Landau Fermi-liquid parameters are given by
An equivalent way of deriving the result for F 0 proceeds directly through the derivative of the chemical potential with the assumed ansatz
Observing that ∂µ ∂ρ
leads to
(see also Eq. (24)), while the relation for F 1 ,
is consistent with the non-relativistic Eq. (13) .
III. NEUTRON STAR EQUATION-OF-STATE AND FERMI-LIQUID THEORY A. Chiral FRG equation-of-state
The starting point is now an equation-of-state, pressure P (E) as function of energy density E, derived from a chiral field theory of nucleons and mesons (the ChNM model), based on a linear sigma model with a non-linear effective potential. The basic Lagrangian involves the isospin-doublet field of the nucleon, N = (p, n) , and the chiral boson field φ = (σ, π) composed of a heavy scalar σ and the pseudoscalar Nambu-Goldstone boson π of spontaneously broken chiral SU (2) L × SU (2) R symmetry:
The ∆L term of this Lagrangian represents short-distance dynamics expressed in terms of isoscalar and isovector vector fields coupled to nucleons, corresponding to contact interactions in chiral effective field theory (ChEFT). The potential U(σ, π) is written as a polynomial up to fourth order in the chiral invariant, χ ≡ φ † φ = σ 2 + π 2 , plus a symmetry breaking piece proportional to m 2 π σ. This potential is constructed such as to be consistent with pion-nucleon data and selected ground state properties of nuclear matter. (For details see Refs. [19, 20] and a brief overview in Appendix B.)
The action S = d 4 x L of the ChNM Lagrangian (58) serves as input for a functional renormalization group (FRG) calculation starting at a UV scale (the chiral symmetry breaking scale 4πf π ∼ 1 GeV, with the pion decay constant f π 0.09 GeV). This is then evolved down to the full effective action at the low momentum (IR) limit using the FRG flow equations [35] . The grand-canonical potential Ω(T, µ) is constructed [19, 20] , from which the pressure P = −Ω and the energy density E = −P + µρ (at T = 0) are derived, resulting in the equation-of-state P (E). The squared velocity of (first) sound (17) is shown in Figure 2 . Notably, the sound speed exceeds its canonical value for a non-interacting ultrarelativistic Fermi gas c 2 1 = 1/3 at densities ρ 4 ρ 0 , mainly as a consequence of repulsive multi-nucleon correlations which govern the stiffness of the EoS. A similar behaviour of c 2 1 is reported in [32] and also discussed in [33] .
Important input for the chiral FRG EoS is set by nuclear physics constraints at baryon densities ρ 2ρ 0 . The non-perturbative chiral FRG approach is designed to be consistent with perturbative chiral effective field theory calculations [24] [25] [26] [27] for both symmetric nuclear matter and neutron matter in this density range. In fact, whereas the chiral FRG starts from a Lagrangian based on a linear sigma model, the pion sector of the ChEFT is built on a nonlinear sigma model, where the heavy scalar σ field has been eliminated. While the linear and non-linear sigma models are not equivalent at any perturbative level, resummations to all orders in the non-perturbative FRG treatment of the ChNM model should yield results that match those of the perturbative ChEFT at sufficiently low momentum scales and densities. This is indeed demonstrated by explicit calculations in Refs. [19, 20] . Figure 3 displays the resulting EoS, P (E), in comparison with the families of equations of state obtained in Refs. [29, 30] . The latter interpolate between the low-density ChEFT EoS and the high-density EoS of perturbative QCD and satisfy the astrophysical constraints from neutron star masses and the tidal deformability deduced from the recently observed neutron star merger GW170817. Clearly the ChNM-FRG EoS fits well into the allowed band.
B. Connection to relativistic Fermi-liquid theory and quasiparticles
The observation that chiral nucleon-meson field theory in combination with FRG appears to successfully describe neutron star matter at core densities, suggests a study of the Fermiliquid properties of neutron matter in a relativistic framework [18] .
Given the neutron star EoS of the chiral FRG model, the aim is to deduce the spinindependent Fermi-liquid parameters F 0 and F 1 and examine their density dependence.
The speed of sound (26) involves a combination of these Landau parameters. In order to determine F 0 (ρ) and F 1 (ρ) separately, additional information on the quasiparticle properties is required. In the core of neutron stars the relevant quasiparticles are dominantly neutrons dressed by the strong interactions with the surrounding matter, plus a small fraction of protons. Once again, we assume that the small proton fraction in neutron star matter can be neglected in the analysis of the spin-independent Fermi liquid properties.
The single particle motion in a relativistic theory of neutron matter is described by the [19, 20] . The shaded band gives an uncertainty estimate when varying the symmetry energy in the range 30 − 34 MeV. In the limit of very low densities (ρ < 0.3 ρ 0 corresponding to E < 0.045 GeV/fm 3 ), the EoS is matched to the Skyrme-Lyon (SLy) parametrization [21] .
in-medium Dirac equation [36] 
where in standard notation / p = γ µ p µ , p µ = (p 0 , p), Σ s is the scalar, Σ µ v = (Σ 0 , Σ) the vector neutron self energy, and u(p, s) is the corresponding Dirac spinor. The quasiparticle energies (in the rest frame of the system) are defined by the selfconsistent solutions of the equation [37] 
Here, the spatial component of the vector self energy Σ vanishes as in the mean-field treatment discussed above. In order to obtain a tractable scheme, we set |p| = p F in the self energies and use the following ansatz for the quasiparticle energy
with a density-dependent Fermion (nucleon) mass M (ρ) = M +Σ s (p F , ε F ; ρ) and an effective vector potential U (ρ) = Σ 0 (p F , ε F ; ρ). In section IV we discuss possible implications of this approximation. Consider again the Fermi velocity [18] ,
Thus the Fermi velocity as a function of baryon density ρ yields
is then obtained by insertion into Eq. (26) (cf. Eq. (10) in [14] ):
A key quantity for further steps is obviously the baryon chemical potential µ(ρ) as a function of baryon density. This is obtained by first constructing the energy density E(ρ) as a function of ρ. The (zero temperature) thermodynamic relation
yields the density as a function of E
Here the lower limit of the integral is chosen at a very low density ρ (0) , where the energy density is well approximated by the mass density,
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kilonova associated with GW170817.
B. Constraints on the Equation of State
In addition to the macroscopic observables discussed above, we also study the e↵ects of the astrophysical constraints on the EoS itself. This is done in Fig. 3 , where we display our family of EoSs in the energy density vs. pressure plane. Here, we see how the 2M constraint excludes EoSs that are soft at low densities, while the ⇤ constraint excludes EoSs that are more sti↵ at low densities. This is of course natural, considering that the latter EoSs are the ones that produce stars with large radii and thereby also large ⇤. Also in this figure, we display black dashed lines to indicate where the upper and lower edges become truncated with a further restriction of M max < 2.16M , a bound proposed in [25] [26] [27] stemming from the resulting kilonova observations associated with GW170817.
The EoS bounds can be quantified by inspecting the e↵ects of the astrophysical observations on the EoS parameters. The parameter that is physically the most meaningful is clearly 1 , whose allowed values we show for the tritropic and quadrutropic EoSs in Table I . Restricting ourselves here to those EoSs where the first polytropic interval extends to a density n 1.5n s , so that it is of non-negligible size, the range of 1 becomes 0.05 < 1 < 8.5. Imposing the 2M condition further leads to the lower limit increasing to 1 > 0.6, while the constraint ⇤(1.4M ) < 800 reduces the upper limit to By inverting Eq. (65) with P (E) as input, we obtain the energy density E(ρ) and also the baryon chemical potential, µ = ∂E/∂ρ, as functions of the density. With our ansatz (61) for the quasiparticle energy, the Fermi energy is given by
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It follows that
In terms of the energy per particle, E(ρ)/A, the energy density is given by:
and the chemical potential by
Equating the two expressions for µ we find
where we have identified the Landau effective mass
Thus, the density dependence of E(ρ)/A is reflected in the density-dependent mass M (ρ) and the potential U (ρ).
In the chiral FRG model, the in-medium nucleon mass M (ρ) scales with the expectation value of the scalar σ field, which is identified with the in-medium pion decay constant f * π (ρ), associated with the time component of the axial current. This plays the role of a chiral order parameter. Consequently, in this model we have:
The proportionality of the nucleon mass to the pion decay constant originates from current algebra and the Goldberger-Treiman relation. The chiral FRG approach maintains this property for a nucleon in a dense medium. The next step is the decomposition of the baryon chemical potential (69) in terms of the density-dependent quasiparticle mass and effective potential. As mentioned the mass M (ρ) scales with the density dependence of the chiral order parameter σ = f * π (ρ). Even at ρ ∼ 5 ρ 0 , i.e., at densities encountered in the inner core region of neutron stars, the in-medium nucleon mass is still almost half of its vacuum value. This indicates that the spontaneous breaking of the chiral symmetry remains strong at such large densities. Here the non-perturbative treatment of fluctuations beyond the mean-field approximation in the chiral FRG approach is of crucial importance [19, 20] . In a mean-field calculation one finds 
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U T P J p s Z t a n l A 2 p k P e c a i p 4 r a X z R e e k n P n D E g U G / c 0 k r n 7 e y K j y t q J C l 2 n o j i y y 7 instead a first-order chiral phase transition at densities as low as ρ 3 ρ 0 . With inclusion of fluctuating fields and, in particular, many-body correlations featuring repulsive Pauli effects that become increasingly active with increasing density, the transition to chiral symmetry restoration is shifted to densities beyond 5 ρ 0 .
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Once M (ρ) is determined (see Appendix C for numerical details), the effective potential is obtained by 
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[GeV] At low densities, ρ < ρ 0 , the parameter F 0 starts out negative and then turns positive around ρ 0 . This behaviour is consistent with a perturbartive ChEFT calculation for neutron matter [38] . With On the other hand the Landau effective mass m * from the ChEFT calculation [38] does not decrease as fast as the one found in the relativistic chiral FRG model. The resulting
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is close to zero but with a negative slope indicating a decreasing effective mass at higher density, as observed in the chiral FRG result.
Historically, the behavior of the nucleon effective mass close to the Fermi surface has in fact been subject to many detailed investigations. A representative overview can be found in Ref. [39] . While m * in mean-field calculations is generally less than the free mass, correlations involving particle-hole excitations tend to increase the effective mass near the Fermi surface. Thus, at least at densities ρ ρ 0 , the resulting Landau effective mass in neutron matter remains close to its vacuum value [38, 40] . Our parametrization of the quasiparticle energy (61) is presumably not able to fully capture these detailed correlation effects. Consequently, at low densities we find that the Landau effective mass, and consequently also F 1 , is somewhat smaller than obtained in ChEFT [38] .
A more detailed treatment of the correlations near the Fermi surface, e.g. retaining the explicit momentum dependence of the neutron self energies in (60), is expected to yield an F 1 somewhat larger than in the present analysis [37, 38] . Consequently the F 0 (ρ) shown in Fig. 9 is presumably a lower bound.
The overall strong increase of F 0 at high densities reflects the growing importance of repulsive many-body correlations as the matter gets more and more compact. Part of this effect is due to the action of the Pauli principle on nucleons fluctuating around the Fermi sea. Such repulsive correlations are at the same time responsible for the increase of the sound velocity at high densities beyond its canonical value, c 1 > 1/ √ 3.
C. Upper bound for F 0
So far we have assumed that the density-dependent neutron mass, M (ρ), is proportional to the in-medium pion decay constant, f * π (ρ), and decreases continuously with increasing density. In order to assess uncertainties possibly implied by this assumption, it is instructive to examine a limiting case, replacing M (ρ) by the constant free neutron mass M 0 at all densities. Given the speed of sound (26) constrained by astrophysical observations, such an extreme limit reduces the magnitude of (negative) F 1 < 0, balanced by a corresponding increase of F 0 . The resulting F 0 can be considered as an upper limit that provides an estimate of uncertainties in the determination of the Landau parameters.
With the constant (vacuum) mass M 0 = gf π as input the chemical potential is
where the previously used vector potential U (ρ) in Eq. (66) is now replaced by V 0 (ρ) subject to the condition that µ = ∂E/∂ρ remains unchanged, given by the values listed in Table I and shown in Fig. 6 . This limiting vector potential is plotted in Fig. 10 . Note that V 0 (ρ) is weaker in magnitude than U (ρ) because the attraction, previously manifest in the decreasing M (ρ), is now effectively transferred to V 0 . Also shown in Fig. 10 is the Landau effective mass divided by the chemical potential,
This ratio is close to unity at densities up to about 2ρ 0 . Hence F 1 stays close to zero within that density range, in qualitative agreement with the results obtained in ChEFT [38] . 
They are shown in Fig. 11 together with the ones previously computed. The areas between the upper and lower boundary curves for F 0 and F 1 can be considered as uncertainty measures covering the two limiting cases, M (ρ) ∝ f * π (ρ) (lower bounds) and M (ρ) ≡ M 0 (upper bounds).
We note that at low densities, where the effective vector potential is negative, the ansatz (74) is strictly speaking not consistent with the model assumptions, since the interaction between two baryons mediated by the exchange of an isoscalar vector boson is repulsive [48] .
Nevertheless, as already indicated, the resulting values for the Landau effective mass at low densities are consistent with ChEFT. We can therefore conclude that our estimate of the upper bound on the Landau parameters remains valid also at low densitites. 
D. Zero sound
Cold Fermi liquids can develop a sound-like collective mode, zero sound [14] . The velocity of zero sound, c 0 = ω/q (in terms of frequency and wave vector of the mode), is yet another characteristic property of the fluid that is linked to F 0 and F 1 . In particular, for the model considered, where F = 0 for ≥ 2, the zero-sound velocity is determined by real solutions of the equation [16, 17] 
where From Fig. 12 one concludes that, while neutron star matter becomes a relativistic fluid at high densities, it strictly satisfies the causality constraint, c 0 < c. This is implied by the strong repulsion encoded in the vector field that grows linearly at high density and contributes to both F 0 and F 1 . Notably, setting F 1 = 0 would not be consistent as it would lead to a superluminal velocity of zero sound at high densities.
E. Comparison with liquid helium-3
By their magnitudes, the Landau parameters are measures of the correlation strength in the Fermi liquid. At this point a comparison with another example of a strongly correlated fermionic many-body system, liquid 3 He, is quite instructive [42, 43] . Normal F . Their ratio r c /d ∼ r c p F is a parameter that measures the growing importance of the repulsive forces as the density increases [47] . For neutron matter, even at densities several times larger than ρ 0 , this parameter is still much smaller than in liquid 3 He over a broad range of pressures.
Thus, although the repulsive correlations in dense neutron matter are sufficiently strong to support two-solar-mass neutron stars against gravitational collapse, they appear as relatively moderate in comparison with those in liquid 3 He. In this perspective, the dense baryonic matter encountered in the core of neutron stars is perhaps not as extreme as sometimes imagined.
V. SUMMARY AND CONCLUDING REMARKS
This study has focused on the Fermi liquid properties of dense baryonic matter as it may be realized in the center of neutron stars. While the detailed composition of strongly interacting matter at densities encountered in neutron star cores continues to be open to discussions of different scenarios ranging from conventional hadronic matter to quark matter, our starting point in this work has been an equation-of-state based on a chiral nucleon-meson field theory in combination with a non-perturbative approach using functional renormalization group methods.
The input of the effective Lagrangian is tuned to pion-nucleon and pion-pion interactions in vacuum and to nuclear physics observables at densities around the equilibrium density of normal nuclear matter, ρ 0 0.16 fm −3 . The output is consistent with state-of-the-art chiral effective field theory calculations at baryon densities ρ 2ρ 0 . Moreover, the resulting EoS of neutron star matter is in agreement with observations, including the existence of two-solar mass stars and information from the gravitational wave signals produced by the merger of two neutron stars.
It turns out that dense matter at zero temperature described by this EoS remains in the hadronic phase characterized by spontaneously broken chiral symmetry up to baryon densities even beyond five times the density of normal nuclear matter. This shifting of the chiral transition to extremely high densities, even above those encounterd in neutron star cores, is a consequence of the important role played by fluctuations and correlations beyond mean-field approximation that are treated non-perturbatively in the FRG framework.
A special feature of this EoS is its stiffness, produced by repulsive multi-nucleon correlations that become increasingly important with increasing baryon density and drive the sound velocity significantly beyond the massless Fermi gas limit, c 2 1 = 1/3. Repulsive short-range correlations and the action of the Pauli principle in the dense medium are important ingredients behind this mechanism. It is then interesting to explore the quasiparticle properties of the dense Fermi system under such conditions. Relativistic Fermi-liquid theory is applied to deduce the Landau parameters F 0 and F 1 and to investigate their density dependence. A relativistic treatment is mandatory because, at high densities, the Fermi momentum becomes large and comparable to the quasiparticle mass. The density-dependent neutron mass decreases in the compressed medium but still remains at about half of its vacuum value at densities typically reached in the neutron star core region. The magnitudes of the dimensionless Landau Fermi-liquid parameters then provide a measure of the many-body correlations as they grow continuously in strength with rising density. Remaining uncertainties in F 0 are correlated with uncertainties in F 1 , i.e., the quasiparticle effective mass and its density dependence. Thus, an estimate of the upper limit for F 0 is obtained by setting the in-medium nucleon mass equal to the free mass at all densities. Such a choice reduces the magnitude of F 1 and consequently increases F 0 under the condition of leaving the sound velocity unchanged. At densities up to 2 ρ 0 , the resulting F 1 remains close to zero, in agreement with ChEFT results [38] . On the other hand, at higher baryon densities one may expect a more strongly negative F 1 if the chiral order parameter (the in-medium pion decay constant) is reduced from its vacuum value.
The results for the dimensionless parameters F 0 (ρ) and F 1 (ρ) display the typical behaviour of a strongly correlated Fermi system. However, it is interesting to observe by comparison with Landau parameters in a system such as liquid 3 He, that the correlations in neutron star matter are still fairly moderate. For example, while one finds F 0 3 at baryon densities ρ ∼ 0.8 fm −3 in neutron matter, the F 0 in normal liquid 3 He is already more than three times larger even at zero pressure, and it strongly increases further with increasing pressure. Even in the extreme case of setting the in-medium baryon mass equal to its mass in vacuum, this Landau parameter does not exceed F 0 ∼ 5 at ρ ∼ 5 ρ 0 , the densities characteristic of neutron star cores.
Extrapolations of the chiral FRG equation-of-state [19, 20] to densities beyond the range realized in neutron stars indicate the existence of a continuous chiral crossover transition around ρ 8 ρ 0 . Under such conditions the valence quark cores of the nucleons begin to overlap. It is then an interesting issue how to describe a possible hadron-quark continuity region in an actual model, such as the one developed in Ref. [11] . The sound velocity is again a quantity of prime interest in this context. The first term becomes:
and vanishes in the rest frame where j = 0. The derivative in the second term is given by
where again the latter part vanishes in the rest frame of the system. Consequently, we find δV δn p = h(j 2 ) δj δn p .
Finally the contribution of the last term in (45) to the quasiparticle interaction is
, the result quoted in Eq. (51).
B Chiral Nucleon-Meson Field Theory and Functional Renormaliztion Group
The present study starts from a chiral field theory of mesons and nucleons, based on a linear sigma model with a non-linear effective potential. The Lagrangian, written in Eq. (58), is used as UV input for the FRG flow equations at the chiral symmetry breaking scale Λ χ ∼ 1
GeV.
The thermodynamics of this model is developed in detail and summarized in Refs. [19, 20] . between the UV action and the full quantum effective action Γ eff = Γ k=0 in the infrared limit, k → 0. The evolution of Γ k as a function of k is given by Wetterich's flow equation [35] , schematically written as
The trace Tr stands for all relevant sums and integrations. A scale regulator, R k (p), is introduced in order to restrict momenta p in loop integrals to p 2 < k 2 . The derivative ∂ k R k has maximum weight at p 
The actual computational work involves some simplifying assumptions and approximations:
the effective action is treated in leading order of the derivative expansion and we work in the local potential approximation, neglecting (small) wave function renormalization effects on the chiral boson fields and possible higher order derivative couplings. Moreover, the k-running of the Yukawa coupling g is ignored; the dependence of the nucleon mass on temperature and chemical potential scales with that of the in-medium pion decay constant, f * π (T, µ) = σ (T, µ).
The nucleon mass M = gσ is coupled dynamically to the scalar field. Its expectation value, σ is normalized to the pion decay constant f π in the vacuum so that the mass of the free nucleon satisfies the Goldberger-Treiman relation, M 0 = g f π . The coupling g 10 stands for the ratio of pion-nucleon coupling constant, g πN , and the axial vector coupling constant, g A , of the nucleon: g = g πN /g A . In general, σ acts as an order parameter for spontaneously broken chiral symmetry. The region of temperatures T and densities ρ where this chiral FRG framework can be applied is defined by non-zero σ (T, ρ) ≡ f * π (T, ρ). The full FRG calculations [19, 20] point out that the domain with σ = 0 covers the broad range 0 < T 100 MeV and 0 < ρ 7 ρ 0 . In contrast, using mean-field approximation would generate a first-order chiral phase transition around ρ 3 ρ 0 .
C Chiral FRG equation-of-state and quasiparticle properties: numerical details a. Pressure
For practical purposes and applications, the chiral EoS of neutron star matter, P (E) shown in Fig. 1 , is given here in a parametrized form of an accurate Padé fit in the baryon density range 0.1 ≤ ρ/ρ 0 ≤ 6 (with ρ 0 = 0.16 fm −3 ):
with the following parameters: 
with the coefficients: [19, 20] 
